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responsibility of CAbstract Boron nitride (BN) was prepared by nitriding pure boron (B) deposited on carbon substrates
by chemical vapor deposition (CVD). Thermodynamic analysis of preparing BN by nitriding CVD B at
1200–1550 1C was ﬁrstly performed. And then, the effects of nitridation conditions, including
temperature, nitridation atmosphere and CVD B microstructure, on the conversion of B to BN were
analyzed by scanning electron microscopy (SEM), energy dispersion spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). Results show that the
conversion degree of B to BN ﬁrstly increased and then slightly decreased with rising temperature. The
nitridation degree was controlled by mutual actions between the nitridation of B and consumption of the
effective nitrogen source (NH3). The morphology of products and the reaction mechanism between B and
N were inﬂuenced by nitridation temperature. At high temperatures (1400–1500 1C), BN with highly
ordered microstructure was produced. On using N2–H2 as nitridation atmosphere instead of NH3–H2–
N2, no BN was obtained in the studied temperature range. The microstructure and component of BN
obtained in nitridation process were little affected by the microstructure of CVD B.
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Boron nitride (BN) is widely used as the interfacial material of
ﬁber reinforced ceramic matrix composites (CMCs) to develop
toughened CMCs [1–3], which can transfer loads, deﬂect
matrix cracks, release residual stresses, prevent early failure
of the ﬁbers [2] and also possess other excellent properties
[4,5]. Although BN is generally prepared by chemical vapor
deposition (CVD) using BCl3 and NH3 as precursors [6], the
prepared BN is always amorphous in this way with poor
stability, hygroscopic and containing numerous nano-pores.
Such structures seriously deteriorate the performance of BN as
the interphase of CMCs. Raising the deposition temperature
can improve the structure of CVD BN to some extent [7];
however, the high temperature always results in an extremely
fast reaction rate and highly intensive gas phase nucleation,
which leads to a difﬁculty in controlling the thickness of BN
ﬁlm and drastically reducing the permeability and uniformity
of BN deposited in ﬁber preform [8].
Recently, NASA reported a new preparation method of
interphase-used BN, in which SiC ﬁbers were used as the
reinforcements of composites, and a thin layer of boron (B)
ﬁlm was ﬁrst in-situ formed on the surface of SiC ﬁbers; then
BN interphase was further obtained by nitriding B in NH3. A
series of tests have proved the great effectiveness of this
method in preparing high quality BN interphase [9]. Campbell
and Gonczy also reported that BN interphase could be formed
by nitriding Nextel 312TM ﬁbers with aluminoborosilicate
above 1100 1C [10]. Our previous work emphatically reported
the microstructure of BN obtained by nitriding CVD B and
discussed the possibility of its application in CMCs [11]. But
so far, the researches on the effects of the speciﬁc nitridation
conditions on the nitridation process and the nitridation
mechanism have not been found in open literatures.
In this context, the present study was undertaken. In the
paper, BN was prepared by nitriding pure B deposited by
CVD on carbon substrates. Thermodynamic calculations were
ﬁrstly studied and then kinetic experiments were carried out.
The effects of nitridation conditions on the conversion of B to
BN were discussed, including nitridation temperature, nitrida-
tion atmosphere and CVD B microstructure.2. Experimental
2.1. Thermodynamic analysis
Thermodynamic analysis of NH3–H2–N2 nitridation system
was performed by the Factsage thermodynamic software.
With the ‘‘Reaction module’’ and ‘‘Equilib module’’, the
variation of thermodynamic extensive quantity (H, G, V, S,
Cp, A) of some mixed species or a chemical reaction, and the
concentration of the most favorable reaction products at the
equilibrium of the reaction system by minimizing the Gibbs
energy can be worked out, respectively.
2.2. Materials and preparation condition
NH3 (99.99% purity) was used as nitrogen source for BN
preparation. H2 (99.999% purity) and N2 (99.999% purity)
were used as dilution gases. Carbon cloth (T300 carbon ﬁbers)
and high-purity graphite (20 mm 10 mm 2 mm) were usedas substrates. Pure B was ﬁrstly deposited from BCl3–H2 on
the substrate [12] and then was nitrided at a temperature range
of 1200–1500 1C. The ﬂow rate ratio of N2, NH3 and H2 was
1:1:2. The reaction pressure was 1 kPa. The nitridation time
was 10 h. As-nitrided samples were kept in vacuum drying
apparatus.
2.3. Microstructure analysis
Nitrided samples were examined by scanning electron micro-
scopy (SEM, S4700, Hitachi). Energy dispersion spectroscopy
(EDS) was used for the qualitative and semi-quantitative
estimation of contained elements in nitrided samples. Trans-
mission electron microscopy (TEM, JEM 2100) with an
accelerating voltage of 200 KV was used to investigate the
microstructure of the products. X-ray photoelectron spectro-
scopy (XPS, PHI Quantum 2000) equipped with an Ar ion
sputtering system was used to analyze phases and chemical
bonding states of B and N elements of samples.3. Results and discussion
3.1. Thermodynamic analysis of BN prepared by nitriding
CVD B
Although the nitridation of pure B in NH3 should occur above
900 1C thermodynamically [13–15], the practical yield of BN is
extremely limited under 1100 1C [11]. Therefore, in this work,
the minimum nitridation temperature for thermodynamic
calculation and kinetic experiment is set as 1200 1C and the
whole temperature region is 1200–1550 1C. The reaction
pressure is set as 1 kPa. The reactants contain B, NH3, N2
and H2. The possible reactions (Re.) are listed as follows: (‘‘n’’
is marked for the reaction with an increasing DG as the
temperature rises, and the others have a contrary tendency).
BðsÞ þNH3ðgÞ ¼ BNðsÞ þ 1:5H2ðgÞ ð1Þ
BðsÞ þ 0:5N2ðgÞ ¼BNðsÞn ð2Þ
NH3ðgÞ ¼ 0:5N2ðgÞ þ 1:5H2ðgÞ ð3Þ
BðsÞ þ 0:5NH3ðgÞ ¼ 0:5BNðsÞ þ 0:5BH3ðgÞn ð4Þ
BðsÞ þ 0:4NH3ðgÞ ¼ 0:4BNðsÞ þ 0:6BH2ðgÞ ð5Þ
B sð Þ þ 2
3
NH3 gð Þ ¼BH2 gð Þ þ 13N2 gð Þ ð6Þ
BðsÞ þNH3ðgÞ ¼ BH3ðgÞ þ 0:5N2ðgÞ ð7Þ
BNðsÞ þNH3ðgÞ ¼N2ðgÞ þ BH3ðgÞ ð8Þ
BN sð Þ þ 2
3
NH3 gð Þ ¼ 56N2 gð Þ þ BH2 gð Þ ð9Þ
The solid phase product in the system is BN and the
primary gaseous by-products are H2, N2, BH2 and BH3.
Assuming the initial H2 content was 0.1 mol, the mole sum
of NH3 and B as reactants was 1 mol, i.e. [NH3]þ[B]¼1 mol.
The dependence of the mole of products on a (a¼ [NH3]/
([NH3]þ[B]) at 1200 1C was studied, as shown in Fig. 1. The
amount of BN increases ﬁrstly and then decreases with the
increase of a, and the maximum 0.5 mol occurs at a¼0.5.
Here, the mole ratio of each component is in keeping with
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thermodynamically. It is possible for B to be converted to BN
completely as long as NH3 is in excess. The continuousFig. 1 Mole variation of each component as a function of a when
B–NH3–H2 system is in equilibrium (T¼1200 1C).
Fig. 2 Amount of the main components in the system in equilib
hydroboron, (b) H2, (c) BN, and (d) N2.increase of H2 results from Re. 1 and Re. 3. When ar0.5,
the fresh H2 stems from Re. 1 and then depends on the co-
action of Re. 1 and Re. 3. N2 is formed when a40.5. The mole
of N2 increases ultimately to 0.5 owing to the complete
decomposition of NH3. So does the thermodynamic calcula-
tion and simulation at 1300, 1400, 1500 and 1550 1C.
Setting the initial mole of B, NH3 and H2 as 10 mol, 1 mol
and 2 mol respectively (N2 as inert gas is not considered), the
relationship between the amount of the main components in
the nitridation system and the nitridation temperature was
investigated. As shown in Fig. 2, with an increase of tempera-
ture, the moles of B, BH, BH2, BH3 and N2 all have a
signiﬁcant increase, while the moles of BN and H2 both
decrease slightly.
Combining with Fig. 3, when the system reaches equili-
brium, the mole variation of each product with temperature is
bound up with the DG variation of the corresponding reaction
with temperature. That is, the smaller the DG the more fully
the corresponding reaction completes, and the greater the
amount of products. The content of H2 has a reduced trend at
high temperatures because the DG (DGo0) of the reactions
forming H-containing by-products (BH, BH2 and BH3)
decrease with increasing temperature. However, owing to therium as a function of nitridation temperature: (a) boron and
Fig. 3 DG of the primary reactions in the system as a function of
temperature by thermodynamics.
Fig. 4 Mole variation of each component as a function of [N2]/
[B]þ[N2] when B–N2–H2 system is in equilibrium (T¼1200 1C).
F. Ye et al.436limited total amount of gas products, the content of H2 only
shows a little decrease (o0.01 mol). The amount of BN lowers
with increasing temperature, which is primarily due to the
intensiﬁed decomposition of NH3 at high temperatures,
resulting in the lack of N-source reacting with B, and the
consumption of BN in Re. 8 and Re. 9 above 1250 1C. Thus
the content of N2 is increasing. Clearly, the amount change of
BN is inﬂuenced by manifold courses. Despite the fact that
total DG of the whole reaction system decreases with tem-
perature rising, it is not propitious to the conversion of B to
BN at elevated temperatures.
In consideration of the decomposition of NH3 into N2 and
H2 at high temperatures (Re. 3), it is possible that the reaction
between N2 and B directly leads to the formation of BN. Here,
using N2 and H2 to replace NH3, the mole sum of N2 and B as
reactants was 1 mol, i.e. [N2]þ[B]¼1 mol. The dependence of
the mole of products on [N2]/([N2]þ[B]) at 1200 1C is shown in
Fig. 4 (the same regularity was obtained at 1300, 1400, 1500
and 1550 1C). It illustrates that the reaction between B and N2can occur above 1200 1C thermodynamically and the complete
conversion of B to BN can be realized when N2 is in excess.
Kinetic experiments will be used to examine the thermo-
dynamic deduction.3.2. Kinetic experiments
3.2.1. Effect of nitridation temperature on the nitridation
process
Fig. 5 shows the SEM images of CVD B (Fig. 5a) and the
nitrided products at different temperatures. At 1200 1C
(Fig. 5b), the surface of the products is coarse and the particle
has a large size and uneven size distribution, presenting a
stacking structure (Fig. 5b inset). When the nitridation
temperature goes up to 1300 1C, the particle reﬁnes and
distributes uniformly (Fig. 5c and its inset). Coalescence
between neighboring particles occurs, causing an even surface.
Over 1300 1C (1400–1550 1C), the surface morphology of the
products has no obvious change relative to that at 1300 1C.
EDS analyses show that the N content of the products
increases with rising nitridation temperature and has no
obvious change over 1300 1C. The oxygen content of all the
products is much lower than that of CVD BN [7], only
showing 0.670.1 at%.
However, the nitridation reaction mechanism at 1300–
1550 1C is different according to TEM observations of the
products nitrided at 1300 1C and 1500 1C (Fig. 6). The very
ﬂat interface between BN and B at 1300 1C indicates a mild
surface reaction process though the diffusion trace of N
toward B crystal is also detected (labeled by arrows in
Fig. 6a). While, at 1500 1C, the diffusion reaction is more
signiﬁcant when it is characterized by wavy B/BN interface
(Fig. 6b). The change of the dominating process results from
the decrease of apparent activation energy of the surface
reaction as the temperature rises when other conditions keep
unchanged [13]. On the other hand, for the two different
reaction modes, there is a reaction zone between pure B and
already produced BN, as shown in Fig. 6. In this zone, BN
with amorphous microstructure can be seen. At the interface
between amorphous BN and orderly ranged BN, microstruc-
ture arrangement of amorphous BN has been found, especially
in Fig. 6b (labeled by dotted arrows). In the meantime, in B
crystal, lattice distortions have been formed resulting from
the attack of N atoms. Therefore, according to these TEM
observations, the detailed reaction ways can be drawn as
follows: N atoms ﬁrst attack B crystal, and then are combined
with B into amorphous BN, and ﬁnally amorphous BN is
transformed into ordered BN under the inﬂuence of tempera-
ture and time (Fig. 6c). Comparing Fig. 6a with b, however, it
can be said that the role of temperature on the microstructure
arrangement of amorphous BN seems larger than that of time
because a highly ordered BN has been formed at 1500 1C in
equal time. Thus, a higher temperature is more conducive to
the transformation of amorphous BN to ordered BN, which
is more preferable to enhance the toughness of CMCs by
deﬂecting cracks [16].
The change of reaction mechanism, from surface reaction to
diffusion as the dominated one, also increases the conversion
rate of B inside the coating (50 nm depth) to BN at high
temperatures (1400–1550 1C) as shown in Fig. 7, according to
XPS analysis in our previous work [11], which is in favor to
BBN
BN
B
Reaction zone 
1300 °C 1500 °C
Reaction zone
NN
Fig. 6 TEM images of BN obtained by nitridating CVD B at different temperatures in NH3–H2–N2 (a, b) and the graphical expression
of nitridation reaction process (c).
1500 °C1300 °C
1200 °C
Fig. 5 SEM images of CVD B before (a) and after (b, c, d) nitridation at different temperatures in NH3–H2–N2.
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F. Ye et al.438prepare the BN with enough thickness as a practical inter-
phase material. While at 1550 1C, the decreased conversion
rate of B to BN was found, which may be caused by the
violent decomposition of NH3 into N2 and H2, i.e. the
reduction of the nitrogen source available to the nitridation
reaction, and the consumption of BN as the reactant in some
reactions. This phenomenon can be linked with the thermo-
dynamic analysis described in Section 3.1.3.2.2. Using N2–H2 instead of NH3 as the nitrogen source to
nitride CVD B
Employing N2–H2 in equivalent replacement of NH3, i.e.
[N2]:[H2]¼1:3, the effect of temperature (1200–1550 1C) on
the nitridation of CVD B was discussed (the nitridation time
was 10 h). The EDS and XPS investigations show that there is
no BN produced at any temperature and the composition of
ﬁlm still only contains pure B. It illustrates that N2–H2 system
is not feasible for the nitridation of CVD B in the studied
temperature range, although the reaction between B and N2Fig. 8 SEM images of CVD B with different microstructures before (
columnar microstructure; (b) spindrift-like microstructure; and (c) ma
Fig. 7 Conversion rates of B to BN under different depths at
different temperatures in NH3–H2–N2.was proven possible in thermodynamics. But N2, as the
product of the decomposition of NH3, can inﬂuence the
equilibrium of Re. 3 to some extent, inhibiting the conversion
of NH3 to N2. It is different from Condon’s work [17]. The
reasons behind it may lie in the different reaction conditions,
such as the B source (nano-scale B powder used in Condon’s
work, high speciﬁc surface area enhancing the reaction) and
the reaction pressure (1 atm in Condon’s work, high pressure
enhancing the pyrolysis of N2 into active N atoms).
3.2.3. Effect of CVD B with different microstructures
CVD B with different microstructures was nitrided at 1500 1C
for 10 h in the mixed atmosphere of NH3, N2 and H2 (their
mole ratio is 1:1:2). According to SEM observations (Fig. 8),
it is found that the three kinds of nitrided products have a
similar surface morphology, presenting grain-stacked micro-
structure. However, the grain size of products obtained by
nitriding CVD B with a massive microstructure (Fig. 8c) is
larger than others. XPS and EDS investigations into the
surface of the products verify that all the products are BN
and there is nearly no difference among their element contents.
While, XPS and EDS investigations into the etched surface
show that the N content of the three products decreases at a
similar rate with the increasing of etched thickness (o150 nm),
corresponding to the results of the previous section. Thus, it
can be predicted that the microstructure of CVD B ﬁlm has a
few impacts on the microstructure and component of BN
obtained in nitridation process.4. Conclusionsa,
s1b,
siveA thermodynamic analysis on the preparation of BN by
nitriding CVD B at 1200–1550 1C in NH3–H2–N2 and
N2–H2 mixed gases was performed. Results show that it is
possible for B to be converted to BN completely as longc) and after (d, e, f) nitridation at 1500 1C in NH3–H2–N2: (a)
microstructure.
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increasing temperature due to the intensiﬁed decomposi-
tion of NH3 at high temperatures and the consumption of
BN as the reactant in some reactions above 1250 1C. The
reaction between B and N2 can be achieved above
1200 1C and the complete conversion of B to BN occurs
when N2 is in excess.2 In kinetics, the morphology of products, the reaction
mechanism between B and N and the conversion rate of B
to BN were inﬂuenced by the nitridation temperature.
The detailed reaction ways between B and N can be
drawn as follows: N atoms ﬁrst attack B crystal, and then
are combined with B into amorphous BN, and ultimately
amorphous BN is transformed into orderly ranged BN
at high temperatures. A higher temperature is more
conducive to the transformation of amorphous BN to
ordered BN.3 Under the present conditions, the N2–H2 system is not
feasible for the nitridation of CVD B owing to the very
low activity of N source, though the reaction between B
and N2 is possible thermodynamically. The micro-
structure and component of BN obtained in nitridation
process were little affected by the microstructure of
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